The Op-iap3 gene from the baculovirus Orgyia pseudotsugata M nucleopolyhedrovirus (OpMNPV) inhibits apoptosis induced by a mutant of Autographa californica MNPV (AcMNPV) that lacks the antiapoptotic gene p35, as well as apoptosis induced by a wide range of other stimuli in both mammalian and insect cells. However, the role of Op-iap3 during OpMNPV infection has not been previously examined. To determine the function of the Op-IAP3 protein during OpMNPV infection, we used RNA interference (RNAi) to silence Op-iap3 expression during OpMNPV infection of Ld652Y cells. Infected cells treated with Op-iap3 double-stranded RNA (dsRNA) did not accumulate detectable Op-iap3 mRNA, confirming that the Op-iap3 gene was effectively silenced. Op-IAP3 protein was found to be a component of the budded virion; however, in OpMNPV-infected cells treated with Op-iap3 dsRNA, the Op-IAP3 protein that was introduced by the inoculum virus decreased to almost undetectable levels by 12 h after dsRNA addition. Apoptosis was observed in infected cells treated with Op-iap3 dsRNA beginning at 12 h, and by 48 h, almost all of the cells had undergone apoptosis. These results show for the first time that Op-IAP3 is necessary to prevent apoptosis during OpMNPV infection. In addition, our results demonstrate that the RNAi technique can be an effective tool for studying baculovirus gene function.
Apoptosis is a cell suicide program that is used by many organisms during normal development and tissue homeostasis and as an antiviral defense mechanism. Infection by many different viruses leads to the initiation of apoptosis in an attempt by the host cell to limit viral replication (34) . This results in the activation of a family of cysteine proteases known as caspases, the central executioners of apoptosis (43, 49) . To overcome this response, many viruses carry genes whose products inhibit apoptosis. Baculoviruses have two such types of antiapoptotic genes, p35 and inhibitor of apoptosis (iap) (10) .
The p35 gene from Autographa californica M nucleopolyhedrovirus (AcMNPV) is required to prevent apoptosis during infection of Sf21 cells, a cell line derived from the lepidopteran insect Spodoptera frugiperda (12) . Infection with AcMNPV mutant viruses lacking p35 results in apoptosis and greatly reduced virus yields in Sf21 cells (13, 28) . In addition, p35 mutant viruses are significantly attenuated in their ability to infect S. frugiperda larvae (13, 15) , and this reduction in infectivity correlates with apoptosis in vivo (9) . The P35 protein blocks apoptosis due to its ability to directly inhibit a broad range of caspases (7, 20) .
The first iap genes were discovered in Cydia pomonella granulovirus and Orgyia pseudotsugata MNPV (OpMNPV) during a genetic screen for genes that could rescue the AcMNPV p35 mutant phenotype (6, 17) . Nearly all baculoviruses that have been sequenced to date contain at least one, and often several, iap-homologous genes, with the sole exception being the highly divergent mosquito baculovirus Culex nigripalpus NPV (1) . In addition to baculoviruses, other viruses have also been found to contain genes with homology to baculovirus iap, including African swine fever virus (53) , Chilo iridescent virus (32) , and Amsacta moorei entomopoxvirus (4) . Interestingly, all of the viruses known to date that encode iap genes infect arthropods during at least part of their replication cycle. In addition to viral iap genes, iap-homologous genes have been described for organisms ranging from yeasts to mammals (11) . IAP proteins are characterized by having one to three copies of a motif known as the baculovirus IAP repeat (BIR) at their amino termini, which are involved in proteinprotein interactions. Certain BIR motifs from several cellular IAP proteins are able to directly interact with and inhibit certain caspases (18) . In addition to caspase inhibition, there is evidence for other antiapoptotic functions for IAPs, including interactions between BIRs and proteins in various signal transduction pathways, as well as E3 ubiquitin ligase activity via a carboxy-terminal RING motif found in most, but not all, IAPs (44) .
After the discovery of the original Op-iap gene in OpMNPV (6), sequencing of the OpMNPV genome revealed the presence of two additional iap genes (2). The original Op-iap, which was named Op-iap3, is apparently the only OpMNPV gene capable of rescuing AcMNPV mutants lacking p35 (6) . It has been shown previously that Op-iap3 can suppress apoptosis in insect and mammalian cells when expressed ectopically (14, 19, 26) . Op-IAP3 directly binds to the Drosophila melanogaster apoptosis-inducing proteins Hid, Reaper, and Grim and inhibits the ability of these proteins to induce apoptosis, probably by more than one mechanism (50) (51) (52) . Although Op-IAP3 has not been shown to directly inhibit caspases, it appears to inhibit an apical caspase activity in Sf21 cells, either directly or indirectly (35, 38, 45) .
Besides Op-iap3, the other baculovirus iap genes that have been shown to possess antiapoptotic activity are Cp-iap3 from C. pomonella granulovirus (14) and Eppo-iap1 and Eppo-iap2 from Epiphyas postvittana NPV (37) . However, the antiapoptotic activity of each of these viral iap genes has been examined only by expression outside their native context. Thus, to date it has not been shown that any baculovirus iap genes are actually required to prevent apoptosis during infection with their cognate virus. This has been due in large part to difficulties in genetic manipulation that are associated with many baculoviruses.
As an alternative to constructing viral genetic mutants, we have made use of the relatively new technique of gene silencing known as RNA interference (RNAi). RNAi is a sequencespecific gene-silencing mechanism operating in plants, fungi, and multicellular animals (23) . Following the introduction of double-stranded RNA (dsRNA) into cells, the degradation of endogenous mRNA with homology to the dsRNA is triggered, effectively silencing expression of the target gene. The mechanisms involved in recognition and cleavage of the target RNAs are only beginning to be elucidated, but it is thought that an endonuclease, termed Dicer (5), processes the trigger dsRNA into ϳ22-nucleotide small interfering RNAs. These small interfering RNAs then serve as guide sequences to direct the degradation of homologous RNA molecules by a nuclease activity termed the RNA-induced silencing complex (23) . RNAi has been used successfully to suppress the replication of several animal RNA viruses, including human immunodeficiency virus, Rous sarcoma virus, Semliki Forest virus, and dengue virus (8, 16, 30) . However, we are not aware of any previous reports of the use of RNAi to silence viral gene expression from DNA viruses.
Here we have used RNAi to silence Op-iap3 and examine its role during OpMNPV infection. Our results demonstrate that, although the Op-IAP3 protein is carried in the OpMNPV budded virion, its continued synthesis after infection is required to suppress apoptosis during OpMNPV replication in Ld652Y cells. This is the first report of a baculovirus iap gene being required to block apoptosis during infection with its cognate virus. Our results also suggest that the RNAi technique may be useful for studying the functions of genes from not only baculoviruses but other viruses as well, especially viruses that are difficult to manipulate by traditional genetic techniques.
MATERIALS AND METHODS
Cells and viruses. S. frugiperda (Sf21) and Lymantria dispar (Ld652Y) cells were maintained in TC-100 medium (Invitrogen) supplemented with 10% tryptose broth and 10% fetal bovine serum (FBS) (Invitrogen). OpMNPV was obtained from Suzanne Thiem (Michigan State University), and the virus was propagated and its titers were determined by plaque assay in Ld652Y cells, which were obtained from David Theilmann (Pacific Agri-Food Research Center). The recombinant virus vOpIAPR-11 (p35 Ϫ Op-iap3 ϩ ) (6) and wild-type AcMNPV (L1 strain) were propagated and their titers were determined in Sf21 cells.
RNAi procedure. Fragments of the Op-iap3, Sf-actin, and chloramphenicol acetyltransferase (CAT) genes were cloned into the pCRII vector (Invitrogen). The sequences used for Sf-actin and CAT have been described elsewhere (40) , while the sequence used for Op-iap3 was the last 511 nucleotides of the Op-iap3 open reading frame (nucleotides 28801 to 29607 on the OpMNPV genome). The plasmids were linearized with PvuII, and the Ampliscribe kit (EpiCentre Technologies) was then used to transcribe cRNA strands in vitro from the T7 and Sp6 promoters according to the protocol supplied with the kit. The resulting singlestranded RNA was purified and resuspended in water as described in the Ampliscribe kit protocol. The concentrations of the RNAs were determined with a spectrophotometer. The appropriate amounts of single-stranded RNAs were then mixed and annealed by being heated to 65 C for 15 min and allowed to cool to room temperature. In addition to the gene-specific sequences, each dsRNA also contained 558 bp derived from the vector. Ld652Y or Sf21 cells were plated in six-well plates at 5 ϫ 10 5 cells per well in TC-100 medium supplemented with 10% FBS. After 1 h, the cells were infected at a multiplicity of infection (MOI) of 20 PFU per cell. An hour later, the virus inoculum was removed and cells were washed once with 1 ml of TC-100 medium without FBS. Either 80 g (Fig. 1 ) or 160 g (Fig. 2, 3 , 5, and 6) of dsRNA was introduced into the cells by lipidmediated transfection in TC-100 medium without FBS. The lipid used for transfection was a sonicated mixture of 0.6 mg of DOTAP (N-[I-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride salt) (Avanti Polar Lipids, Inc.)/ml and 0.4 mg of DOPE (1,2-di[(cis)-9-octadecanoyl]-sn-glycero-3-phosphoethanolamine) (Sigma)/ml in sterile water. After 4 h, the lipid-RNA mix was replaced with TC-100 medium containing 10% FBS.
Purification of BV. OpMNPV budded virus (BV) was purified essentially as described by Gross et al. (22) . In short, a 300-ml culture of Ld652Y cells was infected with OpMNPV BV at an MOI of 10 and BV was isolated at 120 h postinfection. Cells were removed by centrifugation (2,000 ϫ g for 10 min), and the supernatant was then centrifuged for 30 min at 80,000 ϫ g. The resulting pellet was resuspended in TE buffer (10 mM Tris [pH 7.5], 1 mM EDTA) and further purified by centrifugation through a 33 to 55% sucrose gradient at 80,000 ϫ g for 2 h at 4°C. The virion band was then removed, diluted in TE buffer, and sedimented at 80,000 ϫ g for 1 h to remove sucrose. Approximately 24 g of total protein from either the purified BV sample or the 48-h-infected cell lysate, as determined by the Coomassie Plus protein assay reagent kit (Pierce), was analyzed by immunoblotting.
Immunoblot analysis. Ld652Y or Sf21 cells were infected with virus and then treated with dsRNA as described above. Samples were collected in sodium dodecyl sulfate-polyacrylamide loading buffer at various times after dsRNA addition. Time zero was defined as the time when dsRNA was added. rabbits against a peptide corresponding to residues 64 to 76) or gp37 (22) (obtained from George Rohrmann, Oregon State University) or a monoclonal antibody to IE-1 (48) (obtained from David Theilmann) and Supersignal chemiluminescent reagent (Pierce). Before use, the Op-IAP3 antiserum was preabsorbed with Sf21 cell proteins as described elsewhere (24) .
Reverse transcription-PCR (RT-PCR).
Ld652Y or Sf21 cells were infected at an MOI of 20 followed by dsRNA addition and harvested at various times after dsRNA treatment. Total RNA was isolated with Trizol reagent (Invitrogen). A gene-specific primer was used in a reverse transcriptase reaction with 3 g of total RNA. Two microliters of cDNA from a 50-l reaction mixture was then used as a template in a PCR with nested primers specific for the sequence of interest. In each case, at least one of the primers used for PCR was complementary to a sequence not used to make the dsRNA, such as an untranslated region. The PCR products were separated by agarose gel electrophoresis and stained with ethidium bromide.
DNA laddering. Cells were treated with dsRNA or 0.2 g of actinomycin D (Invitrogen)/ml and harvested in 0.4 M Tris (pH 7.5)-0.1% sodium dodecyl sulfate-0.1 M EDTA, followed by phenol-chloroform extraction and ethanol precipitation. DNA was separated by agarose gel electrophoresis and stained with ethidium bromide.
RESULTS
Baculovirus infection does not inhibit RNAi. Our group has previously used the RNAi technique to silence cellular genes in Sf21 cells (40) . However, when we began these studies it was not clear whether RNAi could be used to silence a baculovirus gene, since evidence exists that some viruses are able to inhibit RNAi during infection (3, 36) . To determine whether baculovirus infection inhibits RNAi, we first attempted to silence the cellular actin gene in baculovirus-infected cells. Sf21 cells were infected with AcMNPV, and 1 h later, 80 g of dsRNA corresponding to Sf-actin was transfected into the cells. Total RNA was then extracted at various times after dsRNA addition, and RT-PCR was performed to determine Sf-actin mRNA levels. RT-PCR showed that, within 4 h after dsRNA treatment, Sfactin transcript levels were undetectable (Fig. 1A) . Although silencing was highly effective in infected cells, infection did appear to slightly delay the RNAi effect, since Sf-actin transcript was undetectable at 2 h when uninfected cells were transfected with Sf-actin dsRNA (data not shown). To ensure that silencing was specific, transcript levels for another cellular gene, Sf-iap, were also tested following introduction of Sf-actin dsRNA. RT-PCR showed that the Sf-iap transcript was present throughout the experiment, suggesting that silencing was specific (Fig. 1B) ; the decrease seen at 24 h was probably due to the ability of AcMNPV to shut off host transcription (41) . In addition, Sf-actin mRNA levels were unaffected when dsRNA corresponding to the bacterial CAT gene was transfected as a control (Fig. 1A) .
Silencing Op-iap3 in recombinant AcMNPV induces apoptosis. Infection of Sf21 cells with an AcMNPV mutant that lacks a functional p35 gene induces apoptosis, including the hallmarks of plasma membrane blebbing and DNA fragmentation (12) . However, Op-iap3 can functionally substitute for p35 and prevent Sf21 cells from undergoing apoptosis during AcMNPV infection (6) . Therefore, we next used RNAi to silence Op-iap3 during infection of Sf21 cells with vOpIAPR-11, a recombinant of AcMNPV that lacks p35 but contains Op-iap3. vOpIAPR-11 was originally isolated as an occlusion-positive plaque following cotransfection of p35 mutant AcMNPV and a plasmid containing Op-iap3 and flanking genomic DNA from OpMNPV (6). Thus, it is assumed that vOpIAPR-11 expresses Op-iap3 from its native OpMNPV promoter. Sf21 cells were infected with vOpIAPR-11, and 1 h after viral infection, dsRNA corresponding to Op-IAP3 was transfected into the cells. Although 80 g of dsRNA was sufficient to completely silence several different cellular genes in Sf21 cells ( Fig. 1 ) (40), we found that 160 g of dsRNA was optimal for silencing Op-iap3. Plasma membrane blebbing consistent with apoptosis was observed within 8 h after transfection of 160 g of Op-iap3 dsRNA (data not shown), and by 18 h 99% of the cells had undergone apoptosis (Fig. 2A) . Apoptosis was not observed in infected cells transfected with control CAT dsRNA or in uninfected cells transfected with dsRNA corresponding to Opiap3, Sf-actin, or CAT (data not shown). The formation of polyhedra was observed in infected cells transfected with CAT dsRNA, indicating that the addition of dsRNA did not inhibit viral replication (Fig. 2A) . DNA laddering was observed in Sf21 cells transfected with Op-iap3 dsRNA during vOpIAPR-11 infection (Fig. 2B) , similar to that seen following treatment of uninfected cells with actinomycin D, a known inducer of apoptosis in Sf21 cells (14) . This result confirmed that the death observed was due to apoptosis. DNA laddering was not observed for uninfected cells transfected with either Op-iap3 dsRNA or CAT dsRNA or for infected cells transfected with CAT dsRNA (Fig. 2B) .
Immunoblot analysis showed that Op-IAP3 protein was present within 1 h after infection with vOpIAPR-11 (at the time of dsRNA addition, shown as time zero in Fig. 3A) , and the level of Op-IAP3 appeared to remain relatively constant through the next 15 h (Fig. 3A) . However, in vOpIAPR-11-infected cells that received Op-iap3 dsRNA, Op-IAP3 protein disappeared between 6 and 9 h after dsRNA addition (Fig.  3B) .
Op-IAP3 is required to prevent apoptosis during OpMNPV infection. Knowing that we could effectively silence Op-iap3 during vOpIAPR-11 infection in Sf21 cells, we next wanted to determine if Op-iap3 functioned to prevent apoptosis during OpMNPV infection of Ld652Y cells. We first examined the time course of Op-IAP3 expression during OpMNPV infection. Initially, we examined Op-IAP3 expression from 2 to 24 h postinfection (p.i.) and were able to detect Op-IAP3 protein throughout the course of infection (Fig. 4A ). Two bands with apparent molecular masses of 35 and 37 kDa were observed; the fainter 37-kDa band is often observed in immunoblots of Op-IAP3, even with the use of different antibodies directed against epitope-tagged versions of the protein, and is presumed to be due to posttranslational processing (52) .
To obtain a more complete profile of Op-IAP3 expression, we also tested earlier and later time points. We were able to detect Op-IAP3 by immunoblotting as early as 30 min p.i. (Fig.  4B) . Op-IAP3 levels stayed fairly constant through 24 h p.i., after which they decreased, until by 96 h p.i. Op-IAP3 was undetectable ( Fig. 4B ; a faint band was visible at 72 h p.i. in the original film). The apparent lack of Op-IAP3 at these late times may be explained by the fact that most of the cells in the culture had lysed by this time.
We then used RNAi to silence Op-iap3 during OpMNPV infection of Ld652Y cells. Ld652Y cells were infected for 1 h with OpMNPV and then transfected with 160 g of Op-iap3 dsRNA. Plasma membrane blebbing was first observed 12 h after transfection with Op-iap3 dsRNA (data not shown), and by 48 h 98% of the cells had undergone apoptosis (Fig. 5A) . Cells transfected in the absence of viral infection with dsRNA corresponding to Op-iap3 or CAT showed no signs of apoptosis, and cells transfected with CAT dsRNA during OpMNPV infection also showed no signs of apoptosis (Fig. 5A and data not shown). DNA laddering was observed in Ld652Y cells treated with Op-iap3 dsRNA during OpMNPV infection, similar to what was observed for actinomycin D-treated cells (Fig.  5B) . DNA laddering was not observed in virus-infected cells transfected with CAT dsRNA or uninfected cells transfected with CAT or Op-iap3 dsRNA (Fig. 5B and data not shown) .
To confirm that the Op-iap3 dsRNA was indeed silencing Op-IAP3 expression, the levels of Op-iap3 mRNA were examined by RT-PCR (Fig. 6A) . In OpMNPV-infected Ld652Y cells receiving no dsRNA or CAT dsRNA, a band corresponding to the Op-iap3 transcript was observed at 16 h p.i. and was present through 24 h p.i. (Fig. 6A, upper panel) . In contrast, in infected cells that received Op-iap3 dsRNA, Op-iap3 transcript was not detected through the first 24 h. The presence of a control viral transcript, hrf-1, was unaffected by either CAT or Op-iap3 dsRNA (Fig. 6A, lower panel) . Immunoblot analysis showed that Op-IAP3 protein was present in infected cells within 1 h after virus infection, and the levels did not change through the first 16 h of OpMNPV infection (Fig. 6B, upper  panel) . Transfection of Op-iap3 dsRNA caused Op-IAP3 protein levels to decrease beginning between 9 and 12 h after transfection, and by 15 h Op-IAP3 was undetectable (Fig. 6B,  lower panel) .
Op-IAP3 copurifies with BV. Immunoblot analysis revealed the presence of Op-IAP3 protein in infected cells as early as 30 min p.i. (Fig. 4) , but the earliest time at which we were able to detect the presence of Op-iap3 transcript by RT-PCR was 12 h p.i. (data not shown). This led us to hypothesize that Op-IAP3 protein is associated with BV and carried into cells during infection. To test this, OpMNPV budded virions were purified by sucrose gradient centrifugation and analyzed by immunoblotting with antiserum to Op-IAP3. By this technique, Op-IAP3 was readily detectable in the purified BV (Fig. 7) . For controls, immunoblot analysis was also carried out on purified BV with antibodies to IE-1 and gp37. Theilmann and Stewart have previously shown that IE-1 copurifies with OpMNPV BV (48), while Gross et al. reported that gp37 is not associated with BV (22) . As expected, we were able to detect IE-1 but not gp37 protein in BV by immunoblotting, indicating that our BV purification was successful. 
DISCUSSION
In this study we have demonstrated that a lack of expression of the Op-iap3 gene during OpMNPV infection of Ld652Y cells results in extensive apoptosis. To examine the role of Op-IAP3 during OpMNPV infection, we silenced Op-iap3 expression by the relatively new technique of RNAi. To our knowledge this is the first report of using RNAi to silence gene expression from a DNA virus. At the onset of these experiments it was necessary to determine whether baculovirus infection had an inhibitory effect on RNAi. This was a concern since it is thought that RNAi is an ancient antiviral defense mechanism, and some viruses, such as tobacco etch virus and flock house virus, encode genes that when expressed can inhibit RNA silencing (3, 36) . Our results demonstrate that, at least in the cases of AcMNPV and OpMNPV, baculovirus infection does not appear to inhibit the RNAi response. Thus, RNAi promises to be an effective tool for silencing either cellular or viral genes during baculovirus infection. In these experiments, we added the dsRNA early in infection, and the viral genes that we attempted to silence are thought to be expressed during the early stage of infection. It thus remains possible that baculoviruses may have the ability to inhibit RNAi late in the infection process, and it is not known at this time whether late viral genes are susceptible to silencing by these techniques.
Although OpMNPV contains three genes with homology to the iap family, it is unlikely that the Op-iap3 dsRNA affected the expression of Op-iap1 or Op-iap2, since significant regions of complete nucleotide identity (greater than 30 to 35 nucleotides) are required for the RNAi effect (46) , and Op-iap1 and Op-iap2 do not share any significant regions of identity with Op-iap3. The Op-iap3 open reading frame, of which a portion was used to produce the dsRNA, also does not overlap with any other open reading frames, as is sometimes the case with baculovirus genes. It is possible, however, that transcripts of neighboring genes could overlap with the portion of the Opiap3 open reading frame used to produce dsRNA and that the expression of neighboring genes could have been affected by the dsRNA used. Transcriptional mapping has not been done in this region of the OpMNPV genome, and most of the genes in this region are of unknown function, although the open reading frame immediately upstream of iap3 has homology to the small subunit of ribonucleotide reductase (2) . Given the facts that Op-iap3 is known to have antiapoptotic activity and that silencing of Op-iap3 in the AcMNPV recombinant virus vOpIAPR-11 also resulted in apoptosis, it seems likely that any effects on the expression of neighboring genes (if they occurred) did not contribute to the observed phenotype when Op-iap3 dsRNA was used. However, it is clear that these issues should be carefully considered in future studies using RNAi to silence viral genes.
The mechanism by which Op-IAP3 inhibits apoptosis remains unclear. When AcMNPV infects Sf21 cells, an apoptotic pathway is triggered that leads to the activation of one or more initiator caspases. This then leads to the activation of downstream effector caspases such as Sf-caspase-1, which are then presumably responsible for cleaving various target proteins, leading to apoptosis (47) . Previous work has shown that P35 directly binds and inhibits the cleaved, active form of a number of caspases (7) . However, p35 expression is unable to prevent the first step in Sf-caspase-1 cleavage (35, 45) . On the other hand, expression of Op-iap3 does prevent Sf-caspase-1 cleavage (35, 45) , but Op-IAP3 is unable to prevent apoptosis induced by expression of activated Sf-caspase-1 (45) . Thus, Op-IAP3 functions upstream of both Sf-caspase-1 activation and the point at which P35 inhibits apoptosis. Based on the findings described above, it is possible that Op-IAP3 functions by inhibiting an initiator caspase in Sf21 cells. Further support of this hypothesis comes from the report that Cp-IAP can inhibit the mammalian initiator caspase, caspase-9 (31). However, in the same study, Op-IAP3 was not able to inhibit caspase-9. Another possibility is that Op-IAP3 may indirectly inhibit the activation of caspases by interacting with other proapoptotic factors. The baculovirus IAPs Op-IAP3 and Cp-IAP can physically interact with the Drosophila apoptotic inducers Reaper, HID, GRIM, and DOOM (25, 50, 51) . Overexpression of these genes in Sf21 cells results in the activation of Sf-caspase-1 and apoptosis, both of which are blocked by coexpression of Op-IAP3 (33) . Hence, Op-IAP3 may function by interacting with homologs of these Drosophila apoptotic inducers in Ld652Y cells. However, although the ability to bind to HID appears to be necessary for Op-IAP3 to inhibit HID-induced apoptosis, it is not sufficient, since several mutants have been identified that bind HID normally but are totally inactive in inhibiting HID-induced apoptosis (51, 52) . Furthermore, although Op-IAP3 BIR2 is necessary and sufficient for HID binding, BIR2 by itself is only a weak suppressor of HID-induced death compared to the full-length Op-IAP3 protein (51, 52) . In addition to BIR2, the presence of the RING motif of Op-IAP3 is required for optimal antiapoptotic activity, and the RING motif has the ability to promote HID ubiquitination both in vitro and in transfected Sf21 cells (M. C. Green, K. Miller, and R. J. Clem, submitted for publication). Thus, Op-IAP3 may function to inhibit apoptosis both by direct caspase inhibition and by ubiquitination of proapoptotic molecules.
Our results also show that Op-IAP3 protein is carried in the budded form of OpMNPV. Op-IAP3 protein was detected in Ld652Y cells within 30 min after addition of virus, but Op-iap3 mRNA was not detected until several hours later. In addition, Op-IAP3 copurified with BV during sucrose gradient centrifugation. We also found that the appearance of Op-IAP3 in infected Ld652Y cells was not affected by the addition of cycloheximide prior to infection (data not shown). Since it has been previously shown that the AcMNPV IE-1 protein induces apoptosis in Sf21 cells under some circumstances (42) , and OpMNPV IE-1 is also carried in BV (48) , it may be necessary for Op-IAP3 to be carried into cells during infection to immediately inhibit apoptosis stimulated by IE-1. Interestingly, Sf21 cells infected with a recombinant of AcMNPV expressing Op-IAP3 from its native promoter also contained Op-IAP3 protein immediately after infection (Fig. 3) , indicating that whatever mechanism results in packaging of Op-IAP3 in OpMNPV is probably conserved in AcMNPV. It has been previously reported that P35 also associates with AcMNPV BV (29) . Thus, it appears that the association of an antiapoptotic protein with BV may be common in baculoviruses and is possibly necessary for the prevention of apoptosis early in the infection cycle.
While the finding that Op-IAP3 is necessary to inhibit apoptosis during OpMNPV infection was not unexpected, given its ability to inhibit apoptosis in other contexts, it was nonetheless important to determine whether this was the case. Op-iap3, like several other baculovirus iap genes, has been studied rather extensively outside of the context of infection by its native virus, but it had not been previously shown that any baculovirus iap gene is required to prevent apoptosis during a natural infection. Indeed, mutational analysis of the Ac-iap1 gene indicated that it is not required to prevent AcMNPVinduced apoptosis (21, 39) , although Ac-iap1 also lacks the ability to block apoptosis induced by other stimuli (14, 27, 31) . Our findings demonstrate that Op-iap3 is important for preventing apoptosis during OpMNPV infection, indicating that other baculovirus iap genes that have the ability to block apoptosis outside of the context of virus infection are probably also required to prevent apoptosis during infection with their native virus. Finally, our results indicate that the RNAi technique shows promise as a useful tool for quickly and easily studying the function of baculovirus genes, and possibly genes from other viruses as well.
